We extend our study of energetic radio loud and quiet gamma-ray bursts (GRBs), suggesting these GRBs potentially come from two separate progenitor systems. We expand the sample from our previous paper (Lloyd-Ronning & Fryer 2017) and find our results are strengthened -radio quiet GRBs have significantly shorter intrinsic prompt duration, and are also less energetic on average. However, the tenuous correlation between isotropic energy and intrinsic duration in the radio dark sample remains tenuous and is slightly weakened by adding more bursts. Interestingly, we find an anti-correlation between the intrinsic duration and redshift in the radio bright sample but not the radio dark sample, further supporting that these two samples may come from separate progenitors. We also find that very high energy (0.1 − 100 GeV) extended emission is only present in the radio loud sample. There is no significant difference between the presence of X-ray/optical plateaus or the average jet opening angles between the two samples. We explore the interpretation of these results in the context of different progenitor models. The data are consistent with the radio loud GRBs coming from a Helium-merger system and the radio quiet GRBs coming from a collapsar system, but may also reflect other dichotomies in the inner engine such as a neutron star versus black hole core.
INTRODUCTION
The energetics and timescales of gamma-ray bursts, along with other indicators including locations in their host galaxies and associations with counterparts (e.g. supernovae for the long bursts, and a gravitational wave counterpart from a double neutron star merger for at least one short burst, Abbott et al. (2017) ) have allowed us to define a general picture of GRB progenitor systems. Short gamma-ray bursts (with prompt gamma-ray emission lasting less than ∼ 2s) appear to be associated with older, compact-object mergers. Long gamma-ray bursts (with prompt emission lasting greater than ∼ 2s) seem to be associated with younger, massive stars (for reviews summarizing these results see Piran (2004) ; Zhang & Mészáros (2004) ; Mészáros (2006) ; Gehrels et al. (2009); Berger (2014) ; D'Avanzo (2015); Kumar & Zhang (2015) ; Levan et al. (2016) and references therein).
However, the nature of the progenitor -particularly for long GRBs -is still under debate. Promising potential models include black hole-accretion disk systems formed from the collapse of a massive star (Woosley 1993; MacFadyen & Woosley 1999) or merger systems (e.g. a helium star merging with a black hole, Fryer & Woosley (1998) ). Alternatively, the compact object driving the GRB outflow may not be a black hole-accretion disk sys-* lloyd-ronning@lanl.gov tem, but instead may consist of a rapidly rotating, highly magnetized neutron star (i.e. a magnetar, Usov (1992) ; Thompson (1994) ; Zhang & Mészáros (2001) ).
Observations of the gamma-ray burst afterglow -which carry information about the environment of the progenitor -can potentially shed light on this problem. For long gamma-ray bursts, about 95% have X-ray afterglows, about 70% have optical afterglows, but only about 31% have a detected radio afterglow. In an attempt to understand the low detection rate of radio afterglows, Hancock et al. (2013) used visibility stacking techniques to examine 178 long gamma-ray bursts with a total of 737 radio observations. They concluded that some GRBs without radio afterglows are truly radio dark (in other words, the lack of detection is not just due to a sensitivity limit), and suggested that there exist two populations of GRBs -radio loud and radio quiet. And indeed active galactic nuclei (AGN), which in many ways can be considered scaled cousins of GRBs (e.g. Nemmen et al. (2012) ; Zhang et al. (2013) ; Wu et al. (2016) ; Lloyd-Ronning et al. (2018) ), have truly distinct radio loud and quiet sub-populations (Wilson & Colbert 1995; Kellermann et al. 2016) .
Motivated by this, Lloyd-Ronning & Fryer (2017) (hereafter LRF) examined a population of "bright" long GRBs (in the sense that their bolometric isotropic equivalent gamma-ray energy is > 10 52 ergs), with and without radio afterglows using the data of Chandra & Frail (2012) . LRF found that the radio quiet sub-population has significantly shorter average intrinsic prompt duration (i.e. during the gamma-ray burst itself, as opposed to the afterglow), as well as lower isotropic equivalent energy. They found no significant difference in redshift among the two samples, nor between long GRBs with and without radio afterglows in "dim" bursts (with isotropic equivalent energy < 10 52 erg). Performing a number of other tests, they concluded the radio loud and radio quiet "bright" bursts show evidence of being from separate populations, potentially originating from different progenitors (or at least progenitors in different environments).
Here, we extend our sample to include long GRBs observed after the Chandra & Frail (2012) sample was published. We find that our previous results hold -radio quiet bursts are significantly shorter in prompt duration and less energetic in terms of isotropic gammaray energy. In addition, however, we find that intrinsic duration is anti-correlated with redshift in the radio bright sample, but not in the radio dark sample. We suggest this further supports that the radio loud and quiet GRBs come from separate populations. We also compare a number of other properties between the two samples, including whether extended GeV emission was detected in these GRBs.
Our paper is organized as follows. In §2, we describe our data sample. In §3, we discuss our statistical analysis and results. In §3.1, we report the new correlation found between intrinsic duration and redshift in the radio loud sample only, and we discuss the selection effects that could be affecting this correlation. In §4, we examine the samples' connections to other GRB properties such as the existence of very high energy (> 10M eV ) emission, the presence of X-ray and optical plateaus and jet opening angle. An interpretation in terms of progenitor models is given in §5 and conclusions are presented in §6.
2. DATA Our original data sample was taken from Chandra & Frail (2012) -a sample of 304 long GRBs for which radio follow-up observations were performed. The observations were made at frequencies ranging from 0.6 GHz to 666 GHz, with the majority of observations taken at a frequency of 8.5 GHz. The times of the observations ranged from ∼ .6hr (.026 days) to 1339 days after the prompt gamma-ray trigger. Of these follow-up efforts, 95 resulted in detections, 206 in non-detections, and 3 were unconfirmed. Of the detections, most peaked in the radio band between 3 and 10 days after the gamma-ray burst trigger. We refer the reader to Chandra & Frail (2012) for the details of the radio observations (see in particular, their Table 3) .
We selected those bursts with redshift measurements, so that the intrinsic duration T int could be calculated (i.e. corrected for cosmological time dilation: T int = T 90 /(1 + z), where T 90 is defined as the time interval over which 90% of the total observed counts have been detected in the prompt emission), and an estimate of the isotropic emitted energy could be made. After selecting for the "bright" bursts with E iso > 10 52 erg, we were left with a total of 96 GRBs -59 with a radio afterglow and 37 with no radio afterglow. In this paper, we add to our sample GRBs followed up in the radio since 2012, making the same cuts described above -they must have a redshift measurement and an E iso > 10 52 erg. To do so, we utilized Jochen Greiner's GRB page 2 , which has information on follow-up of all detected GRBs. This brings our sample to 78 GRBs with a radio afterglow and 41 without. The distribution of our radio flux densities for the radio bright sample follow that of the total set of GRBs with radio flux measurements (including those with no redshift measurements; this distribution can be seen in Figure 4 of Chandra & Frail (2012) ). We note that when multi-wavelength follow-up was possible, all 119 of GRBs in our combined radio loud and quiet samples have measured X-ray and optical afterglows, except for one (GRB150413A was not detected in X-ray).
Several recent studies (Qin et al. 2013; Lan et al. 2018) , have pointed out the energy dependence of the bursts' measured duration in gamma-rays, T 90 . For example, Figure 3 of Qin et al. (2013) shows the duration distribution of GRBs for six different gamma-ray detectors. In particular, Fermi's GBM (sensitive at energies of 8-1000keV) shows the peak of the T 90 distribution shifted to lower values compared to Swift's BAT (sensitive at energies of 15-150keV). A full analysis of the physical implications behind the spectral energy dependence of T 90 is beyond the scope of this paper, but we emphasize this point is to be kept in mind in the interpretation of our results. In this paper, we use the T 90 measurements from the Neil Gehrels Swift BAT detector.
RESULTS
We find that when we include long GRBs with radio follow-up since 2012, the results from LRF hold -the intrinsic durations of bright long GRBs without a radio afterglow are significantly shorter than those with a radio afterglow. In addition, the average isotropic emitted energy in the radio quiet sample is lower than in the radio loud sample. The average values of intrinsic duration, isotropic energy, and redshift are shown in Table 1 , and are consistent with the values found in LRF.
A Student's t-test on the average value of T int (comparing the radio loud and radio quiet samples) gives a .001 probability that they are from the same distribution, statistically strengthening the previous claim of LRF that the intrinsic durations between the radio loud and quiet samples are significantly different (in our previous sample, we found a p-value of .004). We find similar results performing a Student's t-test on the average values of E iso between the radio quiet and loud samples. A Student's t-test on the redshift distributions indicates that the radio loud and quiet samples are drawn from the same redshift distribution. Figure 1 shows the cumulative distributions of T int , Figure 1 . Cumulative distributions of intrinsic duraiton T int (left panel), isotropic equivalent energy E iso (middle panel), and redshift (1 + z) (right panel) for the radio bright (dotted blue line) and radio quiet (solid green line) samples. A KS test indicates the radio loud and quiet samples have significantly different distributions in both T int and E iso , but not (1 + z). E iso , and (1 + z) for the radio loud (blue dashed line) and radio quiet (green solid line) samples. A KS test on the cumulative distributions of T int , comparing the radio quiet and loud samples, gives a 2x10 −4 probability that they are drawn from the same distribution. Similarly, a KS test on the distributions of E iso gives a 6x10 −6 probability that E iso comes from the same distribution when comparing the radio loud and quiet samples. Note that a KS test on their redshift distributions gives a probability value of 0.24 (in other words, no evidence that the redshift distributions are different between the two samples). Figure 2 shows the histogrammed values of T int , E iso , and (1 + z) for the radio loud (blue) and quiet (green) samples. By eye, differences are evident, but we emphasize the KS test on the cumulative distributions indicates this in a statistically robust way.
We point out that the GRBs in our sample (with E iso > 10 52 erg) show no correlation between radio flux and E iso (see Figure 5 of LRF) and therefore it is unlikely that the radio dark bursts are simply falling below the radio sensitivity limit. One may also ask whether the shorter T 90 measure in the radio quiet sample is due to the measured flux falling below the detector noise, making the burst appear shorter than is. We have checked the difference in the average gamma-ray fluxes between the radio loud and quiet samples and found that although the average gamma-ray flux for the radio-loud sample is slightly higher than the radio quiet sample (6.2 erg/cm 2 /s vs. 3.1 erg/cm 2 /s), a Student's t-test shows no significant difference between their distributions. Therefore, it does not seem that a tip-of-the-iceberg effect is the sole reason behind the difference in the duration of the prompt emission between the radio loud and quiet samples (we discuss this in further detail in §3.1 below).
We find the tenuous E iso − T int correlation that was present in our previous radio quiet sample (see Figure 4 of LRF) is slightly weakened to ∼ 2.5σ. This correlation is not (at this point) statistically significant and therefore not a strong discriminator between the potentially different progenitors of these two samples. However, we do note that there is likely to be some amount of crossover between the two samples and it may be that as more bursts are added, this existence (or non-existence) of this correlation will become more apparent.
An Anti-correlation between Intrinsic Prompt
Duration and Redshift. Interestingly, we find a > 4σ anti-correlation between the intrinsic prompt duration and redshift in the radio loud sample, but not in the radio quiet sample (the p-value from a Kendell's τ test on T int and (1 + z) is p = 3x10 −5 for the radio loud sample, and p = 0.3 for the radio quiet sample). The data are shown in Figure 3 . The functional form of the correlation in the radio bright sample can be parameterized roughly as T int ∝ (1 + z)
1.4±0.3 , and is shown by the dotted blue line in the left panel of Figure 3 . Again, there is no statistically significant correlation in the radio quiet sample; the best fit parameterization of the radio quiet data is
It is important to consider whether there are any bi-ases in the T int − (1 + z) plane that could potentially lead to an artificial correlation between these two variables. For this to be the case, there would need to be a bias against detecting short, nearby GRBs and/or long, distant GRBs. In addition, if such a selection effect is artificially producing the correlation, this bias would need to be present only in the radio loud sample, but not in the radio quiet sample (since the radio quiet sample shows no anti-correlation between T int and (1 + z)). We stress again that the redshift distributions of the two samples are statistically similar. As stated earlier, there is a potential concern that bursts at higher redshifts will have some of their flux shifted below the detector noise and may therefore appear shorter-lived than they really are. As a result, a burst of a given luminosity at higher redshift will have a measured T 90 that is less than a burst of the same luminosity at a lower redshift (note that cosmological time dilation will offset this affect to some degree). Additionally, the shape of the pulse can play a significant role in this effect. For a top-hat shaped pulse, the intrinsic duration will not be affected as long as the flux is above the noise. For a triangle-shaped pulse, however, the measured duration may appear shorter at higher redshifts because of more of the pulse falling below the noise. The competing effect is, of course, cosmological time dilation which will lengthen the observed duration, and so it is important to understand how the shape of the pulse plays a role in the measured duration.
We note Littlejohns et al. (2013) looked at this effect in detail. They artificially shifted a sample of GRBs to high redshifts and, convolving with the Swift BAT detector response function, examined the new (redshifted) measured T 90 . They found in most cases, cosmological time dilation played the largest role, so that higher redshift bursts were on average longer. However, in some cases (depending on the GRB light curve), the effect of the redshifted flux dropping below the detector limit caused bursts at higher redshifts to have a smaller T 90 (see also Kocevski & Petrosian (2013) who examined this effect in simulated GRB light curves). A few of these bursts that exhibited this latter trend overlap with our radio bright sample. However, the severity of the effect differs depending on the method they use for their light curve modeling and detector response convolution, and tends to show up mostly (but not always) around redshifts of (1 + z) ∼ 4 or higher. They conclude from their study that the short durations of high redshift GRBs are not explained simply by band shifting and sensitivity concerns.
There are two reasons this potential bias may not be playing a role in our analysis: The first is that both of our samples are distributed over the same redshift range so it should be equally present in both samples, whereas the anti-correlation is only present in the radio loud sample. Second, because GRBs have a broad distribution in their luminosities, the severity of this effect can be washed out. However, a detailed examination of the pulse structure of each burst in our sample is needed to really get a handle on how this effect contributes to the correlation, which we defer to a future publication.
Another potential concern is a bias against low intrinsic duration bursts at low redshifts. This could come about from the detector's time resolution limit. We have examined this effect, evaluating the truncation in the T-(1+z) plane due to the detector time resolution (an estimate of this can be the shortest variability timescale or shortest duration burst detected by Swift). Using a very conservative value of 0.5 seconds for the time resolution of Swift, we found the observational truncation produced by this limit has no effect on the correlation (in reality, the time resolution is much smaller than this and makes the observational truncation even less severe).
Our main emphasis here is that -even if this correlation is influenced by observational biases -it is significant that it is only present in the radio loud sample and not in the radio quiet sample, given that both samples cover a similar redshift range. In fact, even removing the highest duration bursts (T int > 90s) in the radio loud sample (so that the radio loud and quiet sample span roughly the same intrinsic duration range), we still find a statistically significant (∼ 4σ) anti-correlation between T int and (1 + z) in the radio loud sample only. We discuss the possible physical meaning of this potential correlation in our discussion section ( §5) below. However, first we examine each sample's relation to other GRB properties.
CORRELATION WITH OTHER GRB
PROPERTIES In this section we analyze whether our radio loud and quiet samples show correlations with the presence of other GRB properties -very high energy emission, plateaus in the X-ray and optical afterglow light curves, and jet opening angles.
Presence of Very High Energy Emission
Using the data from Nava (2018), we examined bursts in our sample that were detected by the LAT on board Fermi, indicating emission in the 0.1 to 100 GeV range. We found 9 GRBs in our sample with very high energy emission; of these, 8 were from our radio loud sample and only 1 from the radio quiet sample. Furthermore, the 8 from the radio bright sample all showed extended emission in this energy range (defined by lasting more than three times the prompt T 90 emission), while the one in the radio quiet sample did not.
Interestingly, these 8 radio loud GRBs with very high energy extended emission have an average E iso /10 52 erg of 168, and an average intrinsic duration of T int = 62 s, indicating they are among the brightest, longest-lasting GRBs -perhaps extremes on the progenitor spectrum (see Discussion section below). Note that Figure 4 of Nava (2018) shows that GRBs with LAT emission are in general brighter (in terms of isotropic energy) than the average.
We also point out that, recently, The Fermi LAT Collaboration (2018) investigated the nature of the longlived very high energy emission in GRBs. Using a combined analysis of the Neil Gehrels Swift XRT and Fermi LAT emission, they concluded that those with long-lived high energy emission could be a result of synchrotron emission in a wind-like medium (their arguments are based on the estimated evolution of the synchrotron cooling break in a wind-like medium in the context of a simple synchrotron shock model, e.g. Chevalier & Li (2000)). A statistically significant anti-correlation is present only in the radio loud sample. The dotted blue line gives the best parameterization of the correlation in the radio loud sample: T int ∝ (1 + z) 1.4±0.3 . In the right panel we show the parameterization of the data, T int ∝ (1 + z) 0.4±0.5 , but emphasize there is no statistically significant correlation between these variables for the radio quiet sample. Dainotti et al. 2008 Dainotti et al. , 2013 Dainotti et al. , 2015 Dainotti et al. , 2016 Dainotti et al. , 2017a . Although it is not always straightforward to determine whether a "plateau" exists, these GRB light curves show some amount of flattening in the temporal decay of their flux over a given energy band, and the degree of this flattening can be analytically defined.
Presence of X-ray and Optical Plateaus
We follow the criterion adopted in Dainotti et al. (2017b) in which the light curves that fulfill the phenomenological Willingale et al. (2007) model are considered as possessing plateau emission in their X-ray light curves. Using their data, we found that 27 out of our 78 bursts in the radio loud sample have X-ray plateaus (with 6 present in their "gold" sample), and that 18 out of 41 bursts in the radio quiet sample have X-ray plateaus (with 5 present in their gold sample).
This suggests that the presence of a plateau (using their definition) is not a strong discriminator between the radio loud and quiet samples. This, in turn, could mean there is no difference between their progenitors or it could indicate that -if the radio loud and quiet do indeed come from distinct progenitors -different progenitors can produce plateau phases (e.g. through a magnetar inner engine (Usov 1992; Thompson 1994) which may be at least temporarily produced in a wide range of progenitor models; Stratta et al. (2018) ; Rowlinson et al. (2014) ; Rea et al. (2015) ).
Similarly, Si et al. (2018) examined the presence of optical plateaus in long GRB light curves. We compared the bursts in our radio loud and quiet samples to their sample of GRBs with optical plateaus. We found 10 of the 41 radio quiet bursts have optical plateaus and 12 of the 78 radio loud bursts have optical plateaus. Again, the presence of an optical plateau does not appear to be a discriminator between our samples, just as in the case of the X-ray plateaus.
Jet Opening Angles
When the data exist, we have examined the jet opening angles of both the radio loud and quiet samples. As with most GRB physical parameters, there is some ambiguity in the way jet opening angles are estimated and there is not a unique, large sample of GRBs with reliable jet opening angles. We examine the average jet opening angle of the radio loud and quiet samples using three different data sets:
• The first set contain jet opening angles derived using the method described in the appendix of Dainotti et al. (2017c) and in Pescalli et al. (2016) . They assume that the relationship between spectral peak energy and isotropic energy (E p − E iso ; Lloyd et al. (2000) ; Amati et al. (2002) ), as well as beaming-corrected gamma-ray emitted energy (E p − E γ ) relations (Ghirlanda et al. 2004) are valid universally at any redshift. They parameterize these relationships by the form:
p , where α a , α g , k a and k g are fitted parameters. Given the GRB redshift, they compute the unknown cos(θ j ) through these 2 equations. Using these methods, the average jet opening angle for the radio loud sample is < θ j >= 7.1 deg, and for the radio quiet sample < θ j >= 6.5 deg.
• Secondly, we used the data from Ghirlanda et al. (2004) , who used afterglow light curve jet breaks to estimate the GRB jet opening angle. From this sample, we found jet opening angles for 12 of our radio loud GRBs and only 2 of our radio dark GRBs. We find an average jet opening angle of < θ j >= 4.8 deg for the radio loud sample, and < θ j >= 5.4 deg for the radio quiet sample (where, again, there are only 2 bursts in this latter "sample").
• Finally, we used data from Wang et al. (2018) , who examined a sample of GRBs that indicated jet breaks in their optical light curves, and that were consistent with an achromatic break in the X-ray light curve at the same time (the achromatic nature of the break is indicative of a physical jet, as opposed to spectral-energy-dependent evolution). From their sample, 21 overlapped our radio bright sample and 8 overlapped our radio quiet sample. We found the average jet opening angle in the radio loud and quiet sample using the Wang et al. (2018) data is < θ j >= 2.6 deg, and < θ j >= 2.04 deg, respectively.
In general, the calculation of jet breaks is fraught with uncertainty (see the Wang et al. (2018) paper for further discussion of this). For example, when the jet break occurs depends strongly on the assumption of the density profile of the external medium, as well as the velocity profile of the jet (it may have both radial and angular velocity structure). Because of this -combined with the fact that we see no significant difference in the average jet opening angle from either of the three data sets mentioned above -we conclude that the jet break data is not a reliable distinguishing factor in understanding any potential underlying difference between our radio loud and quiet samples.
One may also ask how viewing angle (the angle between the observer and the core of the GRB jet) plays a role in our results. This is yet another parameter in fitting/understanding afterglow light curves, and is degenerate with the other micro and macro physical parameters (Mészáros et al. 1998; Rossi et al. 2002; Matsumoto et al. 2018) . The viewing angle, however, will have an affect on the prompt and afterglow light curves (albeit differently in different wavelength bands, depending on the Lorentz factor of the outflow at the time of the observations and keeping in mind the microphysical parameters could vary with time). We note that our GRBs were selected for being intrinsically energetic in gamma-rays. And -again -118 of the 119 GRBs in both radio loud and quiet samples have measured early-time X-ray and optical afterglows. It is therefore likely that the bursts in our sample are all "on-axis" events, and viewing angle/off-axis effects are not playing a dominant role in our samples.
DISCUSSION
In order to understand our results -that radio dark GRBs tend to be significantly shorter in prompt duration than radio loud GRBs -we need to understand the nature of the prompt gamma-ray burst duration, as well as the emission mechanism behind the radio afterglow. There are many factors that affect both observed quantities. Although the radio afterglow is a function of E iso , we do not expect (in most standard models of GRB prompt and afterglow emission) that the radio afterglow should depend on the prompt duration. Hence, our results suggest that the radio loud and dark GRBs may potentially come from two separate progenitors. To understand our results, we need to address two fundamental questions: 1) What is the meaning of gamma-ray burst intrinsic duration? This parameter can reflect both the amount of matter available to form a disk around the inner engine, as well as the amount of angular momentum in a system (with higher angular momentum leading to longer durations; see, e.g., Janiuk & Proga (2008) and the recent paper by Aguilera-Dena et al. (2018) , who explored angular momentum in a variety of GRB progenitor scenarios). External environment can also affect the observed gamma-ray duration, even if the gamma-rays are assumed to come from internal shocks (as opposed to the external shock with the surrounding medium). For example, Gao & Mészáros (2015) showed that T 90 can be larger than the central engine timescale by a factor of 2 to 3 due to refreshed shocks or late internal collisions.
2) What is the nature of the radio afterglow emission? The afterglow is well-modeled by synchrotron emission from an external blast wave, but can come from either the forward shock or reverse shock, and can be affected by self-absorption (which will suppress the radio emission). Long-lived radio emission from a reverse shock is only expected in cases of low external medium density, so that the radio emission is in a so-called "slow-cooling" regime (see, e.g., Laskar et al. (2013 Laskar et al. ( , 2016 Laskar et al. ( , 2018 ). The brightness of the radio emission in both the forward and reverse shock will depend on external density, but is also largely affected by microphysical parameters (like fraction of energy in the electrons and magnetic field).
Distinguishing Progenitors
If we focus on the intrinsic duration, we may be led to associate our radio quiet sample with the collapsar model Woosley (1993); MacFadyen & Woosley (1999) , which produces shorter duration GRBs due to lower angular momentum in the system (relative to a Heliummerger binary system, for example; see, however, Janiuk & Proga (2008) who showed that collapsar progenitors can produce long GRBs lasting up to about 400s). The lower isotropic equivalent energies could reflect a weaker jet, which could be produced either through neutrino annihilation (Eichler et al. 1989) or the Blandford-Znajek mechanism (Blandford & Znajek 1977) . The absence of the radio afterglow could reflect a dense wind medium self-absorbing the radio spectrum, or -if the radio afterglow is primarily a result of the reverse shock emissionthe lack of a long-lived reverse shock in this circumstellar environment.
In this scenario, the radio loud GRBs would come from a He-merger (or similar type) system, which have large angular momentum and produce longer duration GRBs (Fryer & Woosley 1998; Zhang & Fryer 2001) . He-mergers can also produce a wide range of energies, and may indeed produce more energetic GRBs than collapsars (Fryer et al. 2013) . The presence of the radio afterglow may reflect either an optically thin (to radio) circumstellar environment, or the ability of this environment to allow for longer-lived (i.e. slow cooling) reverse shock emission in the radio. Because He-merger models can in principle have a range of circumstellar environments, this model can accommodate both ISMlike and wind-like circumstellar density profiles (Fryer & Woosley 1998; Zhang & Fryer 2001 ).
We note that Gompertz et al. (2018) performed fits to a sample of GRB afterglows, examining whether a wind or ISM-like medium fits best. We examined the number of GRBs in our sample that overlapped with theirs, and found 13 overlaps in our radio bright sample and 2 overlap in our radio dark sample. For the 13 in our radio bright sample to which Gompertz et al. (2018) had fits, 7 were wind-like circumstellar profiles, 5 were ISM-like circumstellar profiles and 1 was unknown. For the two bursts from our radio dark sample that overlapped with the Gompertz et al. (2018) fits, one was fit by a wind-like medium and one by an ISM-like medium. We also found that there was no difference in the best fit probabilities, electron energy index, or whether the cooling break was above or below the X-ray band, in the radio loud and quiet samples that overlapped with the Gompertz et al. (2018) fits.
The radio loud bursts that overlap with the Gompertz et al. (2018) sample are consistent with the picture we described above in which they arise from a Helium-merger system (which can in principle have both ISM-like and wind-like circumstellar profiles). However, the numbers are admittedly very small and we caution against placing too much weight on the fitted density profiles due to the degeneracy of the parameters that are used in the fits. Therefore, we are left to conclude that -at this pointthere appear to be no clear trends between the values of the GRB parameters Gompertz et al. (2018) find in their fits and our radio loud and quiet samples.
We also note that the radio flux will have a different dependence on E iso depending on whether it is in a wind or ISM-like external medium (Sari et al. 1998; Chevalier & Li 2000) . The exact dependence of the radio flux on E iso depends on the ordering of the spectral break frequencies (for a discussion of these frequencies in the context of synchrotron emission, see Lloyd-Ronning & Petrosian (2002) ; Granot & Sari (2002) ); in general, the flux has a weaker dependence on E iso in a wind-like medium (see, e.g., Tables 1 and 2 of Granot & Sari (2002) ).
As we note in §3 and show in Figure 5 of LRF, the radio bright data show no correlation between radio peak flux and E iso . Although this result (a weak correlation between radio flux and E iso ) is expected in an wind-like medium, we emphasize that the scatter in the other GRB parameters -the fraction of energy in the magnetic field B , fraction of energy in the electrons e , external density, etc. -can wash this correlation/relationship out in either scenario (wind-like or ISM-like). Therefore, we do not draw any firm conclusions from the presence or absence of a radio flux -E iso correlation until we have a better handle on the values of the other physical parameters that play a role in the GRB spectrum and light curve.
We reiterate -as shown in LRF -that there is no apparent difference between the radio loud and quiet sample with respect to positions in their host galaxies according to the data of Blanchard et al. (2016) . In addition, both radio loud and quiet GRBs have supernova associations (with supernovae being expected in both collapsar and He-merger models).
It is interesting to compare our findings to what has been discovered in supermassive black hole-accretion disk systems (i.e. AGN). In the case of AGN, the nature of the radio loud and quiet populations is still under debate; one model that appears to explain the data well (Wilson & Colbert 1995; Chiaberge et al. 2015) is that the radio loud population is a system that has undergone a merger and has the angular momentum to power a strong radio jet via a Blandford-Znajek mechanism. This is somewhat analogous to the picture we have suggested above for radio loud GRBs (resulting from a He-merger-type system).
Finally, we point out that up to now we have discussed our results in the context of distinguishing between the progenitor system before collapse (He-merger vs. collapsar). It is possible that the difference between two potential populations of GRBs is a result of a different compact object at the core of the outflow -i.e. a neutron star versus a black hole (regardless of the initial progenitor). A detailed comparison of the predicted properties of a black hole vs. neutron star central engine is beyond the scope of this paper; however, for further discussion of the properties of neutron star/magnetar central engines, see Mazzali et al. (2014) ; Metzger et al. (2015) .
Meaning of the Intrinsic Duration-Redshift
Correlation We would like to understand the meaning of the apparent T int −(1+z) anti-correlation present in the radio loud sample (under the assumption that this is indeed a true correlation and not just a selection effect). If real, this correlation would reflect a true underlying cosmological evolution of the progenitors of radio loud GRBs. Hence, if these bursts really do indeed come from a He-merger progenitor, we must understand why intrinsic duration would anti-correlate with redshift in these systems. We note there is not a corresponding E iso −(1+z) correlation in this sample.
At this point, we can only speculate that perhaps higher redshift systems have less angular momentum and/or have less material available for the GRB disk. Presumably Population III stars -if they do indeed create GRBs -also contribute to this correlation, notably at the high redshift end (see Toma et al. (2016) for a recent review on the observational signatures of Pop III stars as GRB progenitors). Ideally we would like to investigate this question in detail, with robust cosmological simulations of both Helium merger and collapsar systems, including the contribution from Pop III stars.
CONCLUSIONS
The main results of our paper are:
• When adding observations since 2012, we confirm the results of LRF: energetic GRBs (E iso > 10 52 erg) with radio afterglows are significantly longer in prompt duration relative to energetic GRBs with no radio afterglows. The average intrinsic prompt gamma-ray duration is T int ∼ 40s for radio bright GRBs and T int ∼ 16s for radio quiet GRBs.
• In this sample of radio loud and quiet energetic GRBs, radio loud GRBs have significantly higher average isotropic emitted energy E iso relative to radio quiet GRBs (5.1 × 10 53 erg vs. 9 × 10 52 erg).
• In the radio loud sample only, there is a significant (> 4σ) anti-correlation between intrinsic prompt duration and redshift, with the correlation parameterized as T ∼ (1 + z) 1.4±0.3 . The correlation is not present in the radio quiet sample.
• Of the GRBs we've examined that have very high energy gamma-ray emission (detected by Fermi LAT), eight are from the radio loud sample and only one is from the radio quiet sample. The VHE emission is extended (lasting a minimum of three times the prompt gamma-ray duration) in all of the radio loud bursts but is not in the one radio quiet burst with LAT-detected emission.
• There appears to be no difference between jet opening angle and/or the presence (or absence) of a plateau in the afterglow light curves of the radio loud and quiet samples.
There are many potential progenitor scenarios to explain our results. One promising possibility is that Helium merger systems produce radio loud GRBs and collapsars produce radio quiet GRBs. The dichotomy may also reflect a neutron star vs. black hole central core. Nonetheless, it is clear there is a connection between the inner engine properties (which determine the prompt gamma-ray burst duration) and the environment (which plays a large role in the radio afterglow emission). As in the case of AGN, in which after years of debate it became clear there are two distinct populations based on the presence or absence of radio emission, exploring this connection in light of our results may help us better understand the nature of GRB progenitors.
